The fluorescence depletion spectroscopy technique has been applied to the A 2 E electronic state of the CdCH 3 radical to investigate "dark" vibronic levels. The observed FDS spectrum complements the sparse laser induced fluorescence and resonance-enhanced multiphoton ionization spectra. Both the upper and lower spin components of the vibrationless level as well as excitations involving the symmetric modes ν 2 and ν 3 , and the antisymmetric mode ν 6 , as well as combinations involving these modes, were observed. A combined Jahn-Teller and spin-orbit coupling model was used to explain the vibronic structure in the A 2 E electronic state as well as strong variations in the Coriolis coupling constants obtained from the resolved rotational K-structure.
I. INTRODUCTION
Over the past decade a wide variety of experiments have been performed on small organometallic radicals. As a result, the spectroscopy of the organometallic monomethyl radicals is quite well developed. The vibrationally resolved laser-induced fluorescence (LIF) spectra of the A 2 E ↔ X 3 18 ). Some of these organometallic radicals have been observed in astronomical objects.
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During the course of obtaining and analyzing the ZEKE-PFI spectrum of CdCH 3 , 18 it was discovered that the band that had been originally assigned 6 as the upper spin-orbit component of the vibrationless level of the A 2 E state is instead the lower spin-orbit component of the fundamental of a degenerate vibrational mode, ν 6 . This reassignment begged the question as to where the upper spin-component of the vibrationless level is. Because the fluorescence lifetimes of the 6 1 and 2 1 states are significantly shorter than the lower spin-component of the origin, we hypothesized that the upper spin-component of the origin could be dark due a non-radiative decay mechanism. For these reasons, we undertook a fluorescence depletion (FD) investigation of the A 2 E state of CdCH 3 . Besides locating the upper spin-component of the origin, we discovered extensive vibrational structure in the FD spectrum that is not present in either the LIF or resonantly enhanced multiphoton ionization (REMPI) spectra.
The remainder of this paper is arranged in the following way. After the experimental details, we present the results of the FD spectra. These spectra are then interpreted on the basis of the vibronic energy levels of the excited state. Our deductions about the spin-orbit and Jahn-Teller coupling in this radical are discussed and placed in context with other similar radicals. We then analyze the partially-resolved rotational structure obtained for some of the bands and show that the vibronic and rotational analyses are self-consistent. The last section discusses the photodynamics of the A 2 E vibronic state and suggests a possible mechanism that might produce the non-radiative decay required for the observation of the FD spectrum.
II. EXPERIMENTAL
The experimental apparatus has been presented previously and will only be briefly summarized here. The CdCH 3 radicals were formed by the ArF excimer photolysis of Cd(CH 3 ) 2 (Strem Chemical) seeded in helium carrier gas. The precursor was used without purification and was held in a stainless steel bomb at +5
• C. The expansion was formed using a commercial pulsed nozzle (General Valve) with a 0.75mm orifice and a nominal opening time of ≈ 600 µs. Figure 1 depicts the experimental setup. The free jet expansion was crossed 20mm downstream from the nozzle with a "probe" laser which was set to the frequency of a fluorescing level of the A state, either the origin or 2 1 . The resulting fluorescence from this laser was monitored. A second "depletion" laser beam was positioned to counter-propagate along the probe laser. The frequency of the depletion laser was then scanned over the region of interest. When the depletion laser excites the radical from the same vibronic level as the transition excited by the probe laser to a non-fluorescing level of the excited state, the fluorescence from the probe laser decreases due to a decrease in the population of the ground
state.
An improved signal to noise ratio was achieved in the FD experiments by splitting the probe beam and sending it through the expansion at two locations on opposite sides of the expansion. Only one of the probe laser beams is overlapped with the depletion laser. If the fluorescence from each of the two probe beams is detected separately, the beam which is not overlapped by the depletion beam can be used as a reference to normalize shot-to-shot fluctuations in the photolysis and probe laser intensities, as well as for variations in the production of the CdCH 3 in the jet expansion.
A special set up is required to monitor separately two LIF signals from two regions of the expansion. An arrangement consisting of two PMTs has been implemented in this work. To enable the use of the two PMTs, as illustrated in Figure 1 , we used two lenses to collimate and subsequently focus the LIF from the two sides of the expansion in the plane where the quartz prism was placed, such that its lower edge was in between the two images. This allowed the lower fluorescence to propagate forward and reach PMT 1, while the upper image was reflected upward by the prism and directed to PMT 2. In this arrangement the first collimating lens was a 2 f1 lens while the second was a 2 f1.5 lens, which allowed the distance between the images in the focal plane to be 1.5 times larger than the distance between the probe and reference beams, which was typically about 6mm. A set of Corning filters was used to filter the scattered late from the photolysis, probe, and depletion lasers.
The probe laser (PDL2, Coumarin440) was pumped by the third harmonic of a Nd:YAG laser (Quanta-Ray). To avoid saturation in the LIF and to minimize broadband ASE, the PDL dye laser output power was attenuated to about 50-100µJ/pulse. The probe laser frequency was adjusted to one of the two strong LIF bands corresponding to transitions from the vibrationless level of the X 2 A 1 state to either of the lower spin-orbit components of the origin or the totally symmetric mode 2 1 in the A 2 E electronic state. As expected, the resulting FD spectra were identical and we present only those collected from monitoring the 0 0 transition.
In the course of the experiments, two different systems were used as the depletion laser.
Either an SLM Hyperdye or a HyperDye300 Lumonics dye laser were pumped by the 308nm output of XeCl excimer lasers. The output power of the depletion lasers was in the range of 2-4 mJ/pulse with a spectral resolution of 0.2 cm −1 . Both the probe and depletion laser beams were focused with 1m lenses. The timing of the laser pulses was such that the depletion laser preceded the probe laser by 50 to 80 ns. The two LIF time-resolved waveforms from the two PMTs were recorded by two channels of a LeCroy digital oscilloscope and transferred to a PC via a GPIB interface using LabView 4.0. The ratio of the two integrated areas of the fluorescence temporal profiles constituted the signal.
All of the laser frequency calibrations were performed using a Burleigh WA-4500 wavemeter. The error limits in the frequency assignments is a combination of the wavemeter accuracy and the laser linewidth. From calibration of multiple scans the estimated absolute precision in measuring the laser frequency is ±0.5 cm −1 . However, the spectral linewidth precluded their measurement to an accuracy better than about 3 cm −1 (see section III C).
III. RESULTS
The LIF spectrum of CdCH 3 6, 10 is shown in Fig. 2 , along with its REMPI spectrum. All bands observed in the FD spectrum originate from the vibrationless level of the ground state. In addition to the normal notation for a vibrational level, we add an additional label in parentheses, the symmetry of the level under the spin double group of C 3v . For example, the notation 6 1 (e 1/2 ) indicates a level of spin-vibronic e 1/2 symmetry from v 6 = 1.
The notation does not distinguish between the possible values of the Jahn-Teller quantum number j; for this, the context of the figure or paragraph should suffice.
Because the features in the FD spectrum correspond to dark levels, it is very useful to compare the FD spectrum with the LIF and REMPI spectra taken in the same region.
The LIF and REMPI spectra observe bright levels, those that fluoresce or are capable of being ionized, respectively. Comparison of the spectra obtained by these complementary techniques with the FD spectra provides both the most complete observation of the vibronic structure of the 2 E state and considerable information about the photodynamic properties of individual vibronic levels.
The LIF spectrum is quite sparse and contains only four vibronic levels, assigned in Fig. 2 as the lower spin-orbit components of the origin and fundamentals of ν 2 and ν 3 , which are totally symmetric vibrational modes, and ν 6 , which is a doubly degenerate e mode. In contrast to the LIF spectrum, the FD spectrum is quite rich and contains over 20 vibronic features. Table I contains the frequencies of all observed bands, relative to the lower spin-orbit component of the origin, the vibronic assignment of the majority of them, and the experimental method(s) by which the band was observed. The frequency of each band was determined as the center of the partially resolved K rotational contour, except for the 6 1 (e 3/2 ) level and its combinations with ν 2 and ν 3 , which have a more complex structure. For the fundamental, 6 1 (e 3/2 ), the center position was determined by simulating the rotational contour, using the constants of Cerny et al. 7 For its combinations with the symmetric modes, the intrinsic similarity of the contours between the fundamental and the combinations was used to locate the center position. At the low-frequency end of the FD spectrum, the accuracy of the relative frequency measurements is better than 3 cm −1 and is limited by the width of the unresolved J rotational profile. Lifetime broadening becomes significant at higher internal energies, resulting in a modest decrease in the accuracy of the bandhead measurements. There are two bands whose frequencies were difficult to determine accurately. One band, assigned as 3 1 (e 3/2 ), is clearly much wider and more diffuse than the 0 0 (e 1/2 ) level, most probably due to its overlap with the 6 1 (e 1/2 ) level. A second band, labeled S in Fig. 2 , is also quite broad and structureless. For these two bands, as well as band "T", larger frequency uncertainties are quoted in Table I .
The few sharp positive features in the FDS spectrum just below 24 500 cm −1 , which were also observed in the LIF spectrum, were determined not to belong to CdCH 3 by varying the experimental conditions (most notably the photolysis excimer power). Furthermore, they do not appear in the mass-selective REMPI spectrum, indicating that these features most likely belong to other species present in the expansion. for the e vibronic levels, while transitions to the a 1 and a 2 levels remain forbidden, for the transition dipole moment perpendicular to the symmetry axis required for the electronic transition.
Our detailed vibronic analysis including these interactions will be presented in section IV. Here we simply confirm that the feature at 650 cm −1 observed in the LIF, REMPI, and FD spectra can be nominally assigned as the lower spin-component of v 6 = 1 (6 1 (e 1/2 ) in our notation). The corresponding upper spin-orbit component, 6 1 (e 3/2 ), was not definitively assigned in the FD spectrum. However, the feature at 1386 cm −1 , assigned as 3 1 (e 3/2 ), is about twice as broad as the 0 0 (e 3/2 ) level. While the K structure of the 3 1 (e 3/2 ) band is not resolved, the broadness may be due to its coincidental overlap with another band.
The source of the broadness might be the upper spin-component of 6 1 , which would lie in approximately the same region as 3 1 (e 3/2 ). This hypothesis is supported by the results of our vibronic analysis, which predicts 6 1 (e 1/2 ) to be within 20 cm −1 of 3 1 (e 3/2 ) level (see § IV). Combinations of 6 1 (e 3/2 ) with ν 2 and ν 3 were also observed in the FD spectrum, all with rotational contours similar but not identical to the fundamental level 6
1 (e 3/2 ).
At 700 cm −1 , slightly higher in energy than 6 1 (e 3/2 ), a series of three peaks is observed in the FD spectrum. Assignment of these peaks to a totally symmetric mode is unlikely as both spin components of all combinations 3 m 2 n (n ≤ 2, m ≤ 1) have already been assigned to other features in the spectrum and transitions involving ν 1 , nominally the C-H stretch, would be at much higher frequency. Assigning these bands as a Jahn-Teller allowed transition to the lower spin-orbit component of v 5 = 1 is also unlikely, as the frequency of ν 5 is much higher. In CdCH (vibronically allowed) parallel transition dipole component. 22 Additionally, the analysis of the partially resolved rotational structure of these bands supports their assignment to an a 1 /a 2 level ( § V). The general structure of these levels is summarized in Fig. 4 .
A few bands in the higher frequency part of the FD spectrum, noted in Table I and Fig. 3 as R, S, and T, were not assigned. The general reason for the lack of assignment for them is the complexity of the spectrum in that region. The previous LIF work yielded fluorescence lifetimes for the four bright vibronic levels, the lower spin-orbit components of the origin and the fundamentals of the symmetric modes ν 2 and ν 3 , and of the asymmetric mode ν 6 (Table I ). An estimate of the lifetimes of some features seen in the FD spectrum and also in LIF or REMPI may be made by asuming that the latter observations would not be possible if the non-radiative process were more than a factor of 100 faster than the radiative lifetime or laser pulse width for LIF and REMPI, respectively. Finally, the FD spectrum was used to estimate lifetimes for some of the dark states via lifetime spectral broadening.
Unfortunately, for CdCH 3 measurement of any spectral broadening is complicated due shows three resolved peaks due to resolved K stacks from K = 0, ±1. This pattern is again typical for all of the upper spin components of the symmetric modes ν 2 and ν 3 . It appears as well in both the e 1/2 and e 3/2 spin components of the 6 1 levels, derived from the a 1 /a 2 states.
In contrast, the transition to 6 1 (e 3/2 ), derived from the e level, has five peaks because of extra transitions allowed by the mixing of different K levels in the excited state. 7 Again, this structure is typical for all combinations of ν 6 and the totally symmetric modes. A final complication comes from the fact that at higher energy the spectrum becomes congested with different features overlapping. These complications required very cautious analysis and ultimately allow only estimations of the lifetimes.
The actual procedure of evaluating the lifetime broadening is quite standard and has been applied previously by different authors. 23, 24 First, the three transitions (3 1 (e 1/2 ), 2 1 (e 1/2 ), and 6 1 (e 3/2 )) that are observed both in LIF and FD are used to evaluate the linewidth of the rotational profile in the absence of lifetime broadening. In the case of a single peak, e.g. 3 1 (e 1/2 ) and 2 1 (e 1/2 ), a single Gaussian function with a linewidth σ g was used to fit the profile. In the case of resolved K structure, e.g. 6 1 (e 3/2 ), each peak was fit with a
Gaussian. The measurements were made for at least two different experimental spectra of each band. The values of σ g that were obtained ranged from 0.6 to 1.6 cm −1 due to the intrinsic differences in the unresolved J structure of the different bands. The largest value of 1.6 cm −1 was chosen to represent the intrinsic width of the bands that are not suffering lifetime broadening. This assumption will underestimate our actual temporal resolution but will prevent us from confusing broad unresolved J structure with lifetime broadening.
The dark features observed in the FD spectrum may be separated into three categories.
The first category consists of bands that are clearly not broadened. If a feature was observed only in the FD spectrum and did not show any broadening, no lifetime measurements are possible. However, its lifetime likely falls in the range 2 ps < τ < 1 ns (see also Table I ). The upper limit of this range comes from our expectation that the LIF or REMPI experiment should be sensitive to levels that have fluorescent lifetime of greater than 1 ns. The lower limit indicates the absence of lifetime broadening, in which case σ L ≈ σ g = 1.6 cm −1 .
The second type consists of bands that show distinctive K structure, with each K stack appearing to have a linewidth broader than σ g = 1.6 cm −1 . These bands were fitted to a Voight function with a fixed Gaussian width (σ g = 1.6 cm Finally, the bands of the third type of feature exhibit a broad and diffuse contour with sometimes noticeable residual K structure. However, it is impossible to unambiguously deconvolute the contour as an overlap of K stacks. In this case, no reliable measurement of the lifetime broadening is possible. To make the bands so diffuse, lifetime broadening comparable or even larger than σ g = 1.6 cm −1 (2 ps) must be present; however, the total width of the features places a lower limit on the lifetime at approximately 200 fs. Consequently, lifetimes for these bands are reported as 200 fs < τ < 2 ps.
Additionally, there is one band that requires special attention. The band assigned as 
IV. VIBRONIC ANALYSIS
The analysis of the vibronic structure of molecules in 2 E states is not a trivial problem, as both Jahn-Teller and spin-orbit coupling are possible. The normal signature of spin-orbit coupling is a splitting of the vibrational levels, both the totally symmetric and the degenerate ones, into doublets in the electronic spectrum, due to the parallel and antiparallel coupling possibilities of the spin and orbital angular momenta. The excited state of the CdCH 3 radical is quite different, though, in that the spin-orbit coupling constant (ca. 1000 cm −1 ) is larger than the vibrational frequencies of ν 3 and ν 6 . Therefore, the electronic spectra will look rather unusual in comparison to most other radicals' spectra, with the vibrational structure smaller than the spin-orbit structure. This also means that the normal expectations of Jahn-Teller coupling may have to be modified.
A. Hamiltonian and basis set
Our approach to analyzing the vibronic structure of molecules in which Jahn-Teller and spin-orbit coupling are both significant has been described in detail recently. 21 It builds on the theoretical framework laid by Child and Longuet-Higgins 25-28 and many others. [29] [30] [31] [32] [33] [34] The major difference between our approach and most of the previous analyses is that we include the spin-orbit coupling operator directly into the vibronic Hamiltonian rather than treating it later as a perturbation. Such an approach seems particularly appropriate for the A 2 E state of CdCH 3 with its large spin-orbit coupling.
The general Hamiltonian is given bŷ
whereĤ T is the kinetic energy of the nuclei,V is the electrostatic potential involving the nuclei and electrons, andĤ SO is the spin-orbit coupling operator.
The potentialV can be divided into several separate components,
where the explicit form for each term and its matrix elements has been given in reference 21.
The first term,Ĥ e , is the electronic potential at the symmetric configuration. The basis set for which we evaluate the spin-orbit Jahn-Teller Hamiltonian is the product of electronic, vibrational, and spin basis functions. The two components of the E electronic state are labeled by Λ = ±1, with the property,
where ζ e is the electronic orbital angular momentum for the state.
For the vibrational portion of the basis set, we use the two-dimensional harmonic oscillator wavefunctions for the e modes, , is added to the basis set. The final basis set is therefore
While we have shown the basis set to include all three potentially Jahn-Teller active modes of e symmetry, we were able to determine the coupling only for the lowest frequency mode ν 6 .
The vibronic wavefunction is a linear combination of the basis set with expansion coefficients determined by diagonalizing the Hamiltonian (Eq. 1):
Equation (5) introduces the linear Jahn-Teller quantum number j, which is a good quantum number for the Hamiltonian of Eq. (1), and is defined as
where l t is the sum of all the l i in the basis function. For j = ± 1 2 ±3n, the function transforms
as the e symmetry species of the C 3v point group, while for j = ± , with a transition moment perpendicular to the C 3 axis. The levels of each j manifold are labeled by n j , with n j = 1 being the lowest vibronic level.
The matrix elements of the Hamiltonian (1) in the basis set (4) have been derived elsewhere. 21 For a single Jahn-Teller active mode ν 6 , they are characterized by three parameters: ω e,6 the "equilibrium" vibrational frequency for ν 6 ; D 6 , its linear Jahn-Teller coupling constant; and aζ e the spin-orbit coupling parameter of the 2 E state.
B. Results
The spin-orbit splitting of the origin and the relative energies of the fundamentals of ν 6
will be the levels that provide the greatest and most readily attainable information about the Jahn-Teller parameters. Thus, it was our goal to determine the values of the three parameters, aζ e , ω e, 6 , and D 6 , such that the energies of the levels 0 0 (e 1/2 ), 6 1 (e 3/2 ), 6 1 (e 1/2 ) (the lower spin component of v 6 = 1, j = ± ), were accurately reproduced. The results of the analysis are shown in Fig. 4 , using the parameters, aζ e , ω e, 6 and D 6 , listed in Table II to CdCH 3 is readily explained by two phenomena. One, it is expected that the addition of three off-axis hydrogens in CdCH 3 will decrease ζ e , which is unity for the diatomic CdH.
Secondly, the a constant in CdCH 3 will be different from A for CdH, because the electronic wavefunction in CdCH 3 , which has its major contribution from Cd, will be slightly more delocalized than in CdH. Because the atomic spin-orbit parameters for C and H are much smaller than that for Cd, any delocalization onto these atoms will decrease the molecular spin-orbit coupling constant.
Because the spin-orbit coupling in the A 2 E state of CdCH 3 is larger than the frequency of the Jahn-Teller mode, the normal generalizations about the vibronic structure of a Jahn-
Teller active molecule do not hold. For example, the observed spin-orbit splitting of the origin is normally smaller than the molecular spin-orbit coupling constant aζ e due to the quenching of the orbital angular momentum by Jahn-Teller coupling. However, in CdCH 3 , the observed spin-orbit splitting (1008 cm −1 ) is actually greater than aζ e (950 cm −1 ). Additionally, the energy of the "fundamental" of ν 6 , 6 1 (e 1/2 ) is normally greater than the equilibrium frequency ω e, 6 . However, in CdCH 3 the reverse is true: the lower spin component of ν 6 is at 650 cm −1 while the equilibrium frequency is 710 cm −1 . Both of these effects are caused by the fact that the spin-orbit coupling constant is greater than the vibrational frequency, which places the upper spin-component of the origin at higher energy than the fundamental of the vibrational mode. Jahn-Teller coupling mixes these two levels, increasing the difference in energy between them. In the normal case, this decreases the energy of the upper spin component of the origin and increases the energy of the fundamental of the vibrational mode. However, in CdCH 3 , the v 6 = 1 level is decreased in energy and the upper spin-component of the origin is increased in energy, leading to the observed energy pattern (Fig. 4) .
While the vibronic energies are reproduced quite well by the Jahn-Teller and spin-orbit coupling constants of Table II , the predicted intensities are not. In the FD experiment, only those levels that deplete the v = 0 level in the ground state will be observed. For the approximation of equivalent A and X potentials, the relative transition strength to a level of the excited state is given by the amount of v = 0 character in its wavefunction, which is equal to the square of the coefficient of the basis function |Λ |0, 0 |Σ in the Jahn-Teller wavefunction of the excited state vibronic level. The leading terms in the wavefunctions of the lowest few levels of ν 6 are shown in Fig. 4 . From the vibronic wavefunctions, only the two components of the origin, 0 0 (e 1/2 ) and 0 0 (e 3/2 ), and the e level of the lower spin component of ν 6 , 6 1 (e 3/2 ), would be expected to have significant intensity. The FD spectrum, Fig. 3 , clearly shows this not to be the case, as the higher levels of ν 6 have significant intensity. In particular, the 6 1 (e 1/2 ) band at 700 cm −1 is found experimentally to have similar intensity to 6 1 (e 3/2 ), while the Jahn-Teller calculation predicts it to have almost no intensity. Additionally, the band assigned as 6 While the intensities of the a 1 /a 2 levels are explainable invoking mixing of electronic states, the intensity of the 6 2 (e 1/2 ) level is not. The calculated intensities assume that the Franck-Condon factors between the ground and excited state ν 6 are diagonal. While the vibrational frequency of ν 6 and the bond lengths and angles of the ground state and the excited state change slightly, these effects alone are probably not enough to explain the intensity differences. Another possibility is that the vibrational normal modes in the excited state are not the same as those in the ground state (the Duschinsky effect). While this is certainly true to some extent, it also cannot explain the intensity discrepancies. One other possibility is that ν 6 in the excited state has a significant anharmonicity, which will add intensity to all of the higher overtones, especially those levels with significant character of 6 2 .
While we have no direct evidence for it, a strong anharmonicity in ν 6 is consistent with our proposed mechanism for why dark states are observed in CdCH 3 . If the FD spectrum is due to the isomerization of the excited state of CdCH 3 to HCdCH 2 , the reaction coordinate for this process would correspond to essentially the normal mode of ν 6 , which is the asymmetric Cd-C-H bending motion. If there is a nearby transition state or curve crossing along this motion, there might be a significant anharmonicity for ν 6 , which would add intensity to its overtones.
V. ROTATIONAL STRUCTURE
An alternative method for deciphering the Jahn-Teller coupling is possible if the rotational structure of the levels is resolved, which is the focus of this section. The spectral resolution in the present work was ≈ 0.2 cm −1 , which is clearly not enough to resolve individual rotational lines. However, CdCH 3 has a large A rotational constant of about 5 cm −1 , which allowed us to resolve the K-structure for some levels. The simulation of the partially resolved contours for different bands is extremely useful for unraveling the Jahn-Teller and spin-orbit coupling in the state. In particular, the K-structure is strongly dependent on the Coriolis coupling for individual vibronic levels, which in turn is quite sensitive to the vibronic structure. The Coriolis coupling constants obtained via the rotational analyses provide a nice complement to the more traditional vibronic analysis presented in the previous section. We will focus our attention on the two spin-orbit components of the origin and the fundamental of ν 6 , both the e and the a 1 /a 2 levels.
A. Theory
We begin with a brief review of the effective rotational Hamiltonian for a symmetric top, paying particular attention to the physical essence of the parameters and the symmetry of the spin-vibronic levels involved. The rotational Hamiltonian for vibronic levels of e symmetry has been developed by several authors. 26, 30, 31, 34, [36] [37] [38] [39] We will neglect the smaller interactions not resolvable in our experiment, such as centrifugal distortion and the Jahn-
Teller and L-uncoupling terms.
For the vibrationless level of the ground X 2 A 1 state, the rotational Hamiltonian iŝ
where A and B are the rotational constants for a prolate symmetric top molecule, N is the total angular momentum exclusive of electron spin (S) and nuclear spin.
The rotational Hamiltonian for a state of vibronic e or degenerate a 1 /a 2 symmetry pair in the excited A 2 E state is given bŷ
whereĤ rot is the same as Eq. (7) forĤ ( The spin-rotation and Coriolis Hamiltonians arê
where the Coriolis coupling constant ζ t is defined as
where L is the electronic angular momentum and G is the vibrational angular momentum. 
The spin-vibronic wave functions are then simple products of the spin function, Σ = ± 1 2 and the above vibronic basis function.
The rotational basis for a given spin-vibronic level is the symmetric rotor basis set, The rotational selection rules and intensities for a 2 e ↔ 2 a 1 perpendicular vibronic transition (the only non-vanishing one) have been worked out previously. Because of the moderate resolution of our laser system, the only selection rule 7 relevant to our rotational analyses is that on K, K − K = −1. For the case of the transition 2 (a 1 /a 2 ) ↔ 2 a 1 , the selection rule is K − K = 0, as for a parallel transition. This selection rule was originally derived for the general case of a 2 (a 1 /a 2 ) ↔ 2 (a 1 /a 2 ) transition, of which our transition is a subset. Figure 5 shows the experimental spectra of 0 0 (e 1/2 ), 6 1 (e 3/2 ), and 0 0 (e 3/2 ) (all three having e vibronic symmetry wavefunctions). The 6 1 (e 3/2 ) and 6 1 (e 1/2 ) features arising from the a 1 /a 2 manifold are shown in Fig. 6 . The spectra clearly show that the K structure of each level is quite different. From equations 8 to 10, it is seen that four constants may affect the K structure: A, B, Aζ t , and aa . The constants A and B are the reciprocals of the moments of inertia and are not expected to change significantly between the vibronic levels.
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B. Simulation of rotational contours
Consequently, we have kept these parameters fixed at the values obtained from the analysis of the fully rotationally resolved spectrum of the 0 0 (e 1/2 ) level. 7 If they are kept constant, only the Coriolis coupling constant Aζ t and the spin-rotation constant aa constant affect the K structure.
Because we have included spin-orbit coupling directly in the vibronic Hamiltonian, the two spin-orbit components of a given vibronic level do not necessarily have identical eigenfunctions. (For example, compare the leading terms in the wavefunctions for the two spinorbit components of the origin, 0 0 (e 1/2 ) and 0 0 (e 3/2 ), Fig. 4 .) Consequently we expect that each spin-vibronic level will have a unique Coriolis coupling constant. In this case the aa parameter cannot be determined independently. We assume that it is small compared to Aζ t and set it to zero. Therefore we fit the K structure of the five levels shown in Fig.   4 with only one variable, Aζ t . The simulations using the fit values found in the Table III, are shown in Fig. 4 to be in good agreement with the experimental traces, except for some anomalies in intensities.
The problem with the intensities is typified by the comparison of the experimental and simulated transition to 6 1 (e 3/2 ). As can be seen in Fig. 5 , the observed intensity distribution departs significantly from the simulated one. However, it may be noted that this transition has also been seen in LIF, for which the observed and calculated intensities agree much better. 7 There are likely several reasons for the discrepancies in the FD spectrum, since observed intensities are always difficult to predict. However, probably the single most important source for anomalies in the FD spectra is rotationally selective excitation by the reference laser. Since the laser bandwidth is less than the linewidth of the spectral feature, not all of the rotational levels are equally well excited, causing the experiment to be relatively insensitive to some resonances of the depletion laser, whose lower level's fluorescence has not been efficiently excited. Indeed, we have demonstrated that the relative intensities of the rotational feature of the FD spectrum are affected by centering the reference laser at different points across the profile of the excitation band.
Independent of the values obtained from the rotational analyses, the spin-vibronic wave-functions generated in the spin-orbit and Jahn-Teller analysis (Fig. 4) allow us to compute ζ t for each of these levels by the formula
provided that the electronic and vibrational Coriolis constants ζ e and ζ 6 are known. By analogy with MgCH 3 , for which both ζ e and ζ 6 were determined, 1 we assume ζ e = 0.99 and
The results of the calculations are shown in the last column of Table III . One can see that qualitative agreement is observed for all five values, with the only significant deviation being for the 0 0 (e 3/2 ) level. This discrepancy is probably due to the fact that Jahn-Teller activity in only one mode, ν 6 , was taken into consideration in our calculation.
Any Jahn-Teller activity in ν 5 will primarily affect the 0 0 (e 3/2 ) level, which is the closest state connected to 5 1 by a linear Jahn-Teller effect. The result of this interaction will be not only to shift the energy of 0 0 (e 3/2 ) but also to further quench ζ e , thereby decreasing the discrepancy between the calculated and experimental values of ζ t .
VI. DISCUSSION
The fluorescence depletion spectrum of CdCH 3 reveals a rich spin-vibronic structure of the excited state that is absent in the LIF and REMPI spectra. Our analysis of the spinvibronic levels indicates that the majority of them can be satisfactorily accounted for by modest Jahn-Teller activity in ν 6 , with the remaining levels due to Franck-Condon allowed transitions to the symmetric levels of ν 3 , ν 2 , and their combinations with one other and the Jahn-Teller active levels of ν 6 .
Our Jahn-Teller analysis has focused primarily on the energies of the levels. The spinvibronic wavefunctions that we have calculated using the parameters of Table II predict relative oscillator strengths for the Jahn-Teller active levels. The calculations predict that the relative intensities of the 0 0 (e 1/2 ), 6 1 (e 3/2 ), and 0 0 (e 3/2 ) levels should be 6:1:5. The LIF spectrum (Fig. 2) , however, shows relative intensities of ≈ 50:1:0 (the origin in the spectrum is off-scale in the figure) . The LIF spectrum is not indicative of the oscillator strength to the 6 1 (e 3/2 ) and 0 0 (e 3/2 ) levels, but instead indicates the darkness of these levels.
The FD spectrum shows that there is significant oscillator strength to each of these levels, but that these levels undergo a non-radiative process. Because the 6 1 (e 3/2 ) level does fluoresce slightly, its radiative lifetime lies in the range 1 ns < τ < 20 ns (Table I ).
The upper spin-component of the origin, however, has a lifetime significantly shorter (2 ps < τ < 1 ns). This is in stark contrast to the 2 1 (e 1/2 ) level, which is only 18 cm −1 higher in energy than the 0 0 (e 3/2 ) level, but has a lifetime of ≈ 30 ns. Reviewing all of the lifetime data in Table I , we conclude that while the excitation energy clearly has an effect on the probability of the level undergoing the non-radiative process, the nature of the vibronic level must also have an effect.
Insight into the vibrational dependence of a level's probability to undergo the nonradiative process can be obtained by examination of their spin-vibronic wavefunctions, Fig.   4 . The two levels 6 1 (e 3/2 ), and 0 0 (e 3/2 ) contain nearly equal but opposite contributions from v 6 = 0 and v 6 = 1. The lower spin component of ν 2 , 2 1 (e 3/2 ), will contain essentially zero ν 6 character. If we assume that ν 6 enhances the probability of the molecule undergoing the non-radiative process, then the majority of the lifetime data of Table I , as well as the observed intensities of these levels in the LIF and FD spectra, can begin to be explained.
In our previous studies of the fluorescence depletion spectra of
and CF 3 S, 44, 45 we observed a clear dependence of the fluorescence depletion intensity on the vibrational mode that was excited, with excitation of ν 3 , the C-O (or C-S) bond stretch, being the most important. In these radicals, the non-radiative process responsible for the FD is the dissociation of the radical along the C-O bond (or C-S) to form a CH 3 (CF 3 ) radical and an O (S) atom. For each radical, the lifetime of the vibronic level in the excited state could be correlated with the amount of ν 3 character in it.
In the CdCH 3 FD spectrum, it is the amount of ν 6 in the vibrational level that seems to be most important in the non-radiative process. Any mechanism for the non-radiative process should explain this observation. Towards this end, we have calculated the potential energy curves for several states of CdCH 3 using density functional theory. These calculations, for the C 3v geometries of the X 2 A 1 and A 2 E states, have been discussed in detail elsewhere.
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We have not tried to achieve quantitative accuracy for the excitation energies with these calculations and they should be viewed as semi-quantitative calculations.
We show in Fig. 7 It is unlikely that the B state could be the source of the fluorescence depletion. While it satisfies the criterion of being close in energy to the A state, its potential is very similar to that of the A state. It is therefore difficult to imagine the density of vibronic levels in the B state being sufficient to cause the fluorescence depletion.
If no state exists that provides a mechanism for the observation of a fluorescence depletion spectrum, how are we to rationalize a non-radiative process? The answer lies in the aforementioned activity of ν 6 in the FD spectrum. The motion of this vibrational mode corresponds approximately to the asymmetric rocking of the Cd-C-H bonds. In Fig. 8 , we
show our calculations of the potential energy curves along this coordinate. As the figure shows, this motion leads to the isomerization of the radical to HCdCH 2 via a transition state that is calculated to be approximately 0.5 eV higher in energy than the 2 E excited state of CdCH 3 . We believe this isomerization process may be responsible for the non-radiative process and therefore the FD spectrum.
The corresponding isomeric minimum on the CH 3 O ground state potential surface is well-known, the hydroxymethyl radical, CH 2 OH. One might expect that the isomerization from CdCH 3 to HCdCH 2 would be a less favorable process, as the potential curves in Fig.   8 indicate. We have been unable to find precedent for such an isomerization occurring in an excited state; however, ample precedent exists for the insertion of metal complexes into C-H bonds, 46 a category into which the isomerization depicted in Fig. 8 certainly fits.
The isomerization corresponds to the conversion of the radical from being largely based on the Cd atom to what is essentially a substituted methyl radical, the substituent being the peculiar substituent HCd. An alternative description of the radical is as a derivative of CdH 2 in which one of the H atoms has been replaced by a CH 2 group. The isomerization breaks a C-H bond and creates a Cd-H bond, bringing the total energy of the process well into the realm of possibility for the excited A state. Given the fact that the barrier to the isomerization that is predicted by the DFT method is comparable to the excitation energy, and the isomerization's close resemblance to the ν 6 motion, we suggest that Fig. 8 provides a plausible rationale for the non-radiative process.
Unfortunately, an experimental "proof" of this mechanism will be difficult. In the methoxy radicals, observation of the atomic or methyl radical fragments resulting from the dissociation is a relatively straightforward undertaking, as shown by Neumark's work 47, 48 on CH 3 O. However, the detection of HCdCH 2 will be a challenging task, especially considering that it is likely to be populated in its excited vibrational levels.
VII. CONCLUSIONS
The CdCH 3 electronic spectrum is perhaps a textbook example of how multiple experi- In addition to the spectral analysis we have also measured the lifetimes of over 20 spinvibronic levels of the A 2 E state, and found that they vary from < 1 ps to over 100 ns.
There is a general trend towards decreasing lifetime with increasing energy; however, there is evidence for some mode selectivity in the process, with ν 6 appearing to be the most effective promoting mode. Based primarily on the result of theoretical calculations using the DFT method, we suggest that a plausible explanation for the radiationless decay channel involves an isomerization process of the CdCH 3 radical to a HCdCH 2 radical.
Previously the A states of other metal monomethyl species, MCH 3 , M=Mg, Ca, Zn, have been observed 7, 11, 12 by LIF. For some of these molecules, there have been indications of a non-radiative decay channel competing with the radiative one at certain energies. We anticipate that experiments of the type described in this paper should yield considerable insight into the dynamics of these radicals also.
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c Calculated from the eigenfunctions (given in Fig. 4 ) obtained from the vibronic analysis.
e Only the absolute value of ζ t could be determined. 
